Antarctica is a key constraint for estimates of the Antarctic mass balance, as well as climatic interpretations of ice-core records'.2 . Over Antarctica, near-surface winds accelerate down relatively steep surface slopes, eroding and sublimating the snow. This wind scour results in numerous localized regions <::200 km~) with reduced surface accumulationl-7. Estimates of Antarctic surface mass balance rely on sparse point measurements or coarse atmospheric models that do not capture these local processes, and overestimate the net mass input in wind-scour zones 3 • Here we combine airborne radar observations of unconformable stratigraphic layers with lidar-derived surface roughnes s measurements to identify extensive wind·scour zones over Dome A, in the interior of Eas t Antarctica. The scour zones are pers istent because they are controlled by bedrock topog raphy. On the basis of our Dome A observations, we develop an empirical model to predict wind·scour zones across the Antarctic continent and find that these zones are predominantly located in East Antarctica. We estimate that -2.7-6.6% of the surface area of Antarctica has persistent negative net accumulation due to wind scour, which suggests that, across the continent, the snow mass input is overestimated by 11-36.5 Gt yr-I in present surface-massbalance calculations.
Antarctica is a key constraint for estimates of the Antarctic mass balance, as well as climatic interpretations of ice-core records'. 2 . Over Antarctica, near-surface winds accelerate down relatively steep surface slopes, eroding and sublimating the snow. This wind scour results in numerous localized regions <::200 km~) with reduced surface accumulationl- 7. Estimates of Antarctic surface mass balance rely on sparse point measurements or coarse atmospheric models that do not capture these local processes, and overestimate the net mass input in wind-scour zones 3 • Here we combine airborne radar observations of unconformable stratigraphic layers with lidar-derived surface roughnes s measurements to identify extensive wind·scour zones over Dome A, in the interior of Eas t Antarctica. The scour zones are pers istent because they are controlled by bedrock topog raphy. On the basis of our Dome A observations, we develop an empirical model to predict wind·scour zones across the Antarctic continent and find that these zones are predominantly located in East Antarctica. We estimate that -2.7-6.6% of the surface area of Antarctica has persistent negative net accumulation due to wind scour, which suggests that, across the continent, the snow mass input is overestimated by 11-36. 5 Gt yr-I in present surface-massbalance calculations.
Over the interior of East Antarctica, significant spatial variability in snow accumula tion results from the temperature inversion and gravity·driven katabatic winds interacting with ice su rface topography'·l.7.1!. These katabatic winds erode and sublimate both drifting snow and snow layers on the ground ' . Ex:tensive regions of wind· induced 7.cro or ncar-zero surface mass halance (SMB) have been identified by airborne icc-penetrating radars 6 , satellite remote sensing 3 and ground travcrses IN "-11 . A small fraction of the eroded snow over these regions is redeposited downslope forming d unes o r infilling topographic depressions and the rest is sublimated 1), 14 . Evaluating th is complex deposition process over a low accumula tion area such as the interior of East Antarctica is important for improving SMIi estimates and annual accumulation from ice cores.
Where the winds completely remove the annual snowfall over the scour wnes, inc reased absorption of short -wave solar radiation and enhanced vapour transport facilitate grai n growth and metamorphosis of the near-surface firn layers3.14-16. In radar stratigraphy, these buried, metamorphosed layers form unconformable surfaces that represent hia tuses in accumulation. Alt hough previous studies have identified wind-induced regions of near-zero to zero 5MB over East Antarct ica'·M. 9 .'o.,1, dear thresholds of the physical parameters creati ng these zones that can be induded in physical models do not uist. Here we usc data over Dome A to identify persistent wind-induced ah lation of the ice su rface and develop physical parameterizations to predict continent·wide distribution of sites where sloJl"L"-induced wind scour leads to negative 5MB.
During the AGAl' (An tarctica's Gamburtsev Province) projl:ct, a 125,500km 2 area over Dome A was su rveyed with airborne icepenetrating rada r, lidar and other geophysical instruments '7 . The !light lines were spaced 5 km apart in the north-south direction with 35-km -spaced crosslines. Approximately 200 km away from the Dome, unconfo rmit ies indicating an erosional surface apllCar in the near-surface layers where ice flows over steep bedrock topography (Fig. la) . The unconfnrmities arc bright internal reflectors traceahle for ...... 50 km that truncate the underlying older strata and arc onlapped by the overlying younge r layers. Truncation of underlying strata by the unconform ity indicates that the wind-scour process continues to ablate the surface after removing the previous year's snow. Unconformities are mapped in 45 flight lines in 3 65,800 km~ area over Dome A ( Fig. 1b and Supplementary Fig. 51 ). These unconformities are located over steep bt:drock topography beneath relatively steep surface topography (Fig. Ib) . The length of the unconformities when combined with the regional ice veioci ty J7 (-1. 7 m yr-I ) indicates that the process has IlCrsisted for tens of thousands of years.
The surface projections of the unco nformi ti es consistently intersect relatively steep ice surface slope; (:::-:0.002 or 2 m per I,OOO m) located within broad regions of increased decimeterscale surface roughness (f ig. 1c; also sec Methods). 1'hese broad regions indude both wind-seour zones and high-accumulation areas. Surface roughness in these broad regio ns is above the local mean (0.063 m) owing to the presence of surface features such as sastrugi and dunes. Rougher surfaces increase turbulence in the ncar-surface air stream that further increases the flux of winddrifted snow and sublimation 13 . On the basis of the evidence for enhanced katabatic winds and the geometry of the unconformit ies, we inte rpret thc surface projections of the unconformities as windscou r zones with negative SM B.
These wind-scour zones form when katabatic winds, accelerated by increasin g icc surface slopes, remove all nf the surface snowfall.
LETTERS
NATURE GEOSCIENCE 0o, '0.'038/ " 0£0"" Using the measured surface slope, modelled wind and modelled accumulation at observed wind-scour wnes over Dome A, we parameteril.e the conditions under which wind-scour forms.
Here, the modelled wind and accumulation values arc 31-year an nual means of the IO-m wind and 5M B fields from a 27-kmresolution version of the Regional Atmospheric Climate Modell 8,l~ (RACM02) . We obtain surface slopes from a I-km-resolution digital elevation m odel20l. The actual wavelengths present in the digital devation model are 3--8 km on the basis of th e satellite track spacing. For slo~ threshold, we use mean slo~ in the wind direction (MSWD), a dot product oCthe mean annual wind vector with the gradient of surface slopeJ.B. We use MSWD as a threshold ,os because the spatial resolution uf mean wind speed in climate models is significantly coarser than the scale of ice sheet topography.
As the near-surface winds over much of Antarctica's interior are dominated by katabatic now, areas of higher MSWD will have a localJy higher mean wind speed not captured by climate mode1s'~.
As most of the unconformities form at sites where MSWD2': 0.002, we use this value as our slope threshold (Fig.2a,b On the basis ofthe distribution of C in the Dome A region (Fig. 2c), we identify two thresholds. The threshold e, is based on the mean of the distribution (C 1 = 6.66). The upper threshold (C 2 = 9.12) is the maximum value of the distribution.
We apply the slope (MSWD) and atmospheric paramete r thresholds (e l and C 2 ) based on Dome A observations to predict wind-scuur wnes over the rest of Antarctica. Continent-wide windsco ur zones are predicted under the condition that both MSWD 2': 0.002 and A!W ratio (e) :5 Cz (or C 1 ) are simultaneously sa tisfied ( Fig. 3 and Supplementary Fig. S2 ). The thresholds of A!W ra tio (e, and Cz) obtained over Dome A are valid over a large part of Antarctica and ex.tend 10 the coast of East Antarctica, indicating the continent-wide applicability of this method. The upper threshold C 2 indicates erosion at lower wind speeds or higher accumulation and produces larger areas of predicted wind scour (Fig. 4a) .
Where the wind-scour conditions are met, the mean threshold e l predicts wind-scour wnes over 2.7% of the total ice surface area of Antarctica excluding icc shclves whe reas the upper threshold C 2 predicts 6.6%. Both thresholds predict extensive areas of wind sco ur in the Lambert, Byrd and Rccovery Glacier catchments and across the Transantarctic Mountains. Our prediction shows sparse wind-scou r zones below 1,000 m a.s.l. in East Antarctica and nu persistent wind-scour wnes in West Antarctica. Over regions lacking persistent wind scuur, the accumulation increases more relative to the wind-speed causing the A! W mtiu to exceed both e, and e 2 thresholds (Fig.3) . Although such areas can have large spatial var iability in surface snow acculllulation 21 and temporary wind scour Illay occur after high katabatic events, the wind-scour zones do not persist. Duringperiodsofintense katabatic wind activity, large vol umes of snow are both sublimated and transported into the ocean 22 • Our model, baSL"<i on the average of 31 years of wi nds and accumulatiun, dues not capture the impact of these storms.
We test the validity of our parameterizatiun and th e prediction accuracy of C 1 and C 2 by examining stratigraphic unconformities in rada r data coUected over the Recovery Lakes ( Supplementary  Fig. S3 ), A distinct unconfurmity is present and can be traced for -40km as predicted by the upper threshold e 2 , On the basis of this, we also infer that C! works better than e, for continentwide prediction of wind-scour zones. Over DOllle A, the steep surface slopes arc associated with thinner icc « 1,500 m), elevated modelled icc surface velocities (sec Su pplementary Section and Fig. S4 ) and steep hcdrock topography (Fig. Ic) . The length of the unconformities over Dome A and the Rccovery Lakes indicates a long-lived process and illustrates the feedback between atmospheric processes and ice dynamics u .
H .
A comprehensive stu dy combining MODIS (Moderateresolution Imaging Spectroradiomcter) su rface grain size and RADARSAT backscaller identified ~8% of the surface area of Antarctica as regions uf wind-induced near-zero surface accumulation classified as glaze}. Over these regions, high winds and intense temperature cycling harden and glaze the surface while increasing th e surface and subsurface grain size. Over 1)Qme A, 47% of the area of predicted wind-scour zones were classified as glaze with large grain sile (> 100 j.lIn) and high radar backscatter (> ~6 dB) ( Fig. 4b and Supplementary Fig. S5 ). The glaze distribution, based on hi gh-resolution satellite imagery, captures wind features below the resolution of our threshold method including the East Antarctica megadune fields. Continent-wide, 33% of the wind-scour wnes were c1assifi<-xl as glaze, suggesting that su blimation is even more extensive than that predicted by our model. At elevations < 1,500 m a.s.l. where glaze mapping is difficult, our prediction method resolves ~75% of the wind scuur cuincident wit h observed wind-induced blue ices (see Supplementary Sectiun and Fig. S5 ). These studies identify extensive regions of scour and glaze over the ca lchments of major East Anta rctic glaciers. Together, the predicted wind-scour m nes (6.6% of surface area) and t he add itional areas mapped as glaze but not resolved by our method (5.6%) ind icate that ~12 .2% of the surface area of An tarctica is influenced by persistent local wind processes that reduce 5MB from the regional mean.
The eroded snuw and firn over the wind-scour<-xl zones is either sublimated or rtxleposited downslopc'·4.I1-H. Tbe redeposition depends on the curvature of the topographic depressions located downslope uf the wind-scuur zones·· I •. 24 . Larger and deeper tupographic depressions can retain mure redeposited snow" . Sublimation depends mainly on air temperature, MSWLJ, windspeed and sa tu ration of the near-surface air layers 3 .'2.B. As both NATURE GEOSCIENCE I VOt 6 I MAV 2013 www.n a .ufe.<om.In.lu~n<;e air temperature and wind speed increase towards the coast, th e wind-drifted sublimation rate also increases. Regions with hi gher MSWD also have hi gher erosio n rates and therefore higher sublimat ion rates t • These sources of sublimation comprise the largest contributnr of surface mass loss for An tarctica'3,'9. We estimate mass loss for the wind-scour wnes based on fixed and elevation-dependent suhlimation rates. Our fixed sublimation rate is based on MSWD and is derinxl from ground-based observations where ~85% of surface prcr:ipitation is sublimated over steeper su rfa ce slopes' (higher MSWIJ). Assu ming 85% sublimation over wind-scour zones our C, and C z thresholds predict a mass loss of ~1 1-36. 5 Gt ye l (S upplementary Section, Table SI and rig. S6). Using elevation-dependent sublimation rates from surface traverses 4 .,. over our Crpredicted wind-scour wnes we est imate a net mass loss of 24.4 Gt yr-I (see Methods and Supplementary Informatio n). Our wi nd-scour pred iction does not resolve megadune regions whe re the observed sublimation rate' is 58% of the surface precipitation. Using the mapped gla7.e area) over the megad une regions we estimate an additional mass loss of 3.5 Gt yr- ' . This mass loss from both endmembcr suhlimation rates points to an overestimate in all present compilations of An ta rctica's 5MB. This overestimate ofSMB impacts mass-balance estimates using the input-{)utput method:l6. 27 . especially over those glacier catchments with large concentrations of wind-scour wnes. For example, extensive regions of predicted wind scour in the Byrd Glacier SJrfaoerOl.91nes5 S"nK' n'"rphoiogy over.n ice sI..-e! doang .. OIl sales thai range from a few "'nti met ers to kilnnl(!rcs"". Whe We aleuLtle z..;as lhe "IOvinl mean of 100 litbr sho\$t .... t CO""" -200 m alnng the ice s"n;>ee (-2 m poinl ~ng) and z, is the ith Iida! sboI: 3lung Ibc pruftk_ The illInd.,d deviation of this difrer<:n« siw:s 1M sunace roughness
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